The synthesis, structural framework, magnetic and oxygen-sensing properties of a lithium naphthalocyanine (LiNc) radical probe are presented. LiNc was synthesized in the form of a microcrystalline powder using a chemical method and characterized by electron paramagnetic resonance (EPR) spectroscopy, magnetic susceptibility, powder X-ray diffraction analysis, and mass spectrometry. X-Ray powder diffraction studies revealed a structural framework that possesses long, hollow channels running parallel to the packing direction. The channels measured approximately 5.0 Â 5.4 Å 2 in the two-dimensional plane perpendicular to the length of the channel, enabling diffusion of oxygen molecules (2.9 Â 3.9 Å 2 ) through the channel. The powdered LiNc exhibited a single, sharp EPR line under anoxic conditions, with a peak-to-peak linewidth of 630 mG at room temperature. The linewidth was sensitive to surrounding molecular oxygen, showing a linear increase in pO 2 with an oxygen sensitivity of 31.2 mG per mmHg. The LiNc microcrystals can be further prepared as nanosized crystals without the loss of its high oxygen-sensing properties. The thermal variation of the magnetic properties of LiNc, such as the EPR linewidth, EPR intensity and magnetic susceptibility revealed the existence of two different temperature regimes of magnetic coupling and hence differing columnar packing, both being one-dimensional antiferromagnetic chains but with differing magnitudes of exchange coupling constants. At a temperature of $50 K, LiNc crystals undergo a reversible phase transition. The high degree of oxygen-sensitivity of micro-and nano-sized crystals of LiNc, combined with excellent stability, should enable precise and accurate measurements of oxygen concentration in biological systems using EPR spectroscopy.
Introduction
Metal complexes of phthalocyanine and naphthalocyanine macrocycles are widely used as molecular materials in a variety of applications.
1 An important consideration in the architectural design of these macrocycles is to introduce peripheral substitutions to create changes in their intrinsic properties. The modified macrocycles exhibit varied optical and magnetic properties, mostly because of changes in their conjugational p-electron network. The naphthalocyanine rings are derived from benzoannulation of the phthalocyanines. The molecular orbital (MO) calculations of the naphthalocyanines by Bredas and co-workers have predicted very different electronic energy levels when compared to the simple phthalocyanines. 2, 3 For example, the highest occupied molecular orbital (HOMO) of naphthalocyanine is destabilized compared to that of phthalocyanine, resulting in the reduced energy gap between the HOMO and the lowest unoccupied molecular orbital (LUMO) in naphthalocyanines leading to changes in their magnetic and semiconducting properties. These predictions have been confirmed by the work of Hanack and co-workers on metallated naphthalocyanines. 4, 5 Because of their unusual optical, magnetic, semiconductor, and redox properties, there have been avid interests in the development of novel molecular materials of alkali metal complexes of phthalocyanine and naphthalocyanine macrocycles.
6-8
Lithium phthalocyanine (LiPc) was the first molecule to be extensively studied for its intrinsic semiconductor property.
was about 10% of the expected value for S ¼ ½ non-interacting spins, and there have been many interesting studies on temperature dependence.
12,13 The x-form of LiPc is also known for its unique electron paramagnetic resonance (EPR) properties.
12,14
The material exhibits a single, narrow EPR line, the width of which is sensitive to the concentration of the surrounding molecular oxygen. [15] [16] [17] [18] [19] While the LiPc probes possess many of the oximetry characteristics, their use in EPR oximetry is limited because of incident microwave power saturation. The EPR absorption of LiPc microcrystalline particles, for example, is saturated at about 1 mW of microwave power with typical EPR resonators at L-band (1.2 GHz), thus precluding the use of higher power for signal enhancement. In addition, the LiPc crystals lack long-term stability upon implantation in tissues.
18,19
Recently, we reported the synthesis and characterization of two neutral radicals of lithium 1,8,15,22-tetraphenoxyphthalocyanine (LiPc-OPh) 20 and lithium 5,9,14,18,23,27,32,36-octa-n-butoxy-2,3-naphthalocyanine (LiNc-BuO).
21,22
These radicals showed certain advantages over LiPc, especially with respect to oxygen sensitivity, power saturation, and nanoparticle formation. 20, 22, 23 Subsequently, these materials were used for a variety of biological oximetry applications. [24] [25] [26] [27] [28] [29] [30] [31] [32] Our earlier attempts to synthesize LiNc in a pure form was not successful. The product turned out to be an aggregate of Li 2 Nc and LiNc.
33-35
Although the aggregate was found to be remarkably sensitive to molecular oxygen, it was not stable in biological tissues. 33 In this article, we report a modified synthesis for the preparation of LiNc radical (Structure 1) in a pure form and its structural characterization, variable temperature EPR and magnetic susceptibility measurements, and oxygen-sensing paramagnetic properties. The material possesses unique structural and paramagnetic properties including high oxygen sensitivity for molecular oximetry.
Materials and methods
Lithium granules, n-pentanol, acetone, THF and methanol were obtained from Aldrich (St. Louis, MO, USA). 2,3-Dicyanonaphthalene was synthesized by following a published procedure.
36

Synthesis of lithium naphthalocyanine (LiNc) radical
Clean lithium metal (0.2 g) was placed in a mixture of 4 ml methanol and 36 ml n-pentanol and the mixture was heated under nitrogen for 3 h. After the mixture was cooled down to room temperature, 2,3-dicyanonaphthalene (1.2 g, 6.7 mmol) was added and refluxed until it was completely consumed. The reaction mixture was filtered under dry nitrogen atmosphere and left in air overnight. A bluish material was obtained upon evaporation of the solvent under reduced pressure. This was washed with dry acetone, transferred to a thimble, placed in a Soxhlet extractor, and washed for 3 h with acetone, followed by a methanol-THF (1 : 1 v/v) mixture overnight. The bluish-green insoluble material, LiNc, was collected from the thimble and kept under vacuum at 70 C overnight. Since the material was insoluble in most organic solvents it was used without further purification or recrystallization. The yield obtained was 37%. MS-MALDI: exact mass (m/z) calculated for C 48 
X-Ray diffraction
X-Ray powder diffraction was performed using a Bruker D8 diffractometer. The instrument uses a Cu-Ka radiation tube (l ¼ 1.5406 Å ) and an incident beam Ge monochromator along with a Braun linear position sensitive detector. The patterns were collected in capillary mode at room temperature. The sample was packed in a 1 mm diameter glass capillary and data was collected over a 2q range of 3-40 using a step size of 0.014347 and a counting time of 10 seconds per step.
EPR measurements
EPR measurements were carried out using a Bruker X-band (9.8 GHz) spectrometer (Bruker Instruments, Karlsruhe, Germany) equipped with a TM 110 cavity. A small amount ($10 mg) of the LiNc microcrystals was encapsulated in a 0.8 mm diameter gaspermeable Teflon tube (Zeus Industrial Products, Orangeburg, SC, USA) and placed in 4 mm quartz tube, open at both ends. The quartz tube was then inserted vertically into the center of the TM 110 cavity for spectral acquisition. The LiNc microcrystals were precalibrated for EPR oximetry as reported earlier.
22 EPR power-saturation studies were carried out at X-band frequencies at room temperature under anoxic condition (100% nitrogenequilibrated) using incident microwave power levels of up to 150 mW.
Low-temperature EPR measurements
Samples prepared for low-temperature EPR studies were transferred to 4 mm clean fused quartz EPR tubes (707 SQ250M, Wilmad Co.) evacuated to 10 À5 atm and sealed. The fused EPR tube containing the sample was placed outside the 4 mm EPR tubes, EPR spectra were measured using a Bruker EPR spectrometer with 100 kHz modulation. An Oxford continuous flow ESR900 cryogenic unit with an ITC 502 temperature controller was used to measure the temperature-dependant EPR spectra in the temperature region of the sample 22-300 K. Unless mentioned otherwise, the EPR linewidths reported in this manuscript are peak-to-peak (DB pp ) of the first derivative spectra. The g values were calculated using the measured frequency from a frequency counter and the calibrated magnetic field. The DPPH marker was not used as a calibrant for g measurement, since it was found to overlap with the EPR line of the experimental sample. Furthermore, it was considered likely to affect the precise measurement of linewidth.
Preparation of LiNc nanoparticulates
Microcrystalline particulates of LiNc were suspended in phosphate-buffered saline (PBS) solution (10 mg per 0.5 ml) and sonicated for a total of 5 times at 30 s intervals using a microtip titanium horn and a generator power setting of 5. The particulate suspension was cooled for 1 min between each successive 30 s burst of sonication. At the end of sonication, the suspension was placed on ice for 2 min to allow the heavier particulates to settle at the bottom of the tube, and the supernatant liquid possessing smaller-sized particles was transferred to a separate tube. Particle-size analysis was performed using a Zetasizer (Malvern Instruments, model nano-s) with the capability to characterize particle sizes ranging from 0.6 nm to 10 mm. The supernatant contained fine particulates of LiNc with a mean particulate size of 330 nm.
Magnetic susceptibility measurements
Magnetic measurements were carried out on a powder sample at a field of 1000 G using a SQUID magnetometer operating in the temperature range 3-300 K. The magnetic susceptibility was corrected for underlying diamagnetism using Pascal constants. Molar susceptibilities are given in emu G À1 mol
À1
; magnetic moments in Bohr Magnetons were calculated according to the relation m ¼ 2.84 Â (c m T) 1/2 . The SQUID experiments used a 25 mg LiNc sample, weighed and transferred to the capsule (for the evacuated samples), which was open at the top to create a vacuum (10 À3 Torr) in the quartz tube and sealed using a torch. This capsule was introduced into a plastic tube which was mounted on the sample rod. The temperature dependence of the sample magnetic moment was measured in an applied magnetic field of 1000 G and was subsequently converted to molar magnetic susceptibility value. The magnetic susceptibility values were corrected by diamagnetism, c D , using Pascal's constants.
Results and discussion
Microcrystals of LiNc were prepared by a two-step chemical procedure as described in Scheme 1. In the first step, Li 2 Nc was synthesized by cyclotetramerization of 2,3-dicyanonaphthalene in the presence of lithium-pentanol. The Li 2 Nc was then oxidized to form LiNc microcrystals. The mass spectral, EPR, and magnetic properties of the LiNc were in accordance with the proposed structure. The microcrystalline property was similar to those observed earlier for LiPc, 15, 18, 19 LiNc-BuO 21, 22 and LiPcOPh. 20 All of these molecules form columnar stacks in the solid state. LiNc crystals are highly insoluble in water and most common organic solvents in contrast to their derivatives LiNcBuO and LiPc-OPh, which are soluble in common organic solvents such as chloroform, dichloromethane, THF, ethyl acetate, toluene, benzene, xylenes and hexanes. The highly insoluble character of LiNc made it difficult to purify this compound using column chromatography and subsequent crystallization. This material LiNc is stable at high temperature (up to 250 C) in air for a long time.
Crystal and molecular structure
The molecular packing arrangement of LiNc was determined using real space-structure solution methods to extract structural information from X-ray powder diffraction data. The autoindexing suite of Topas Academic was implemented to determine the unit cell parameters as well as the space group. 37 The first twenty-five peaks were used to index the pattern while the rest were not included due to the large drop-off in intensity at higher angles. Peak positions were determined by profile fitting and used as input for the indexing algorithm. Twelve possible unit cells, with triclinic or monoclinic Bravais lattices, were found from the autoindexing program.
After indexing, the DASH software package was used to determine the molecular packing of LiNc. 38, 39 To further examine the possible solutions, the Pawley method was used to extract the peak intensities via the DASH software suite. 40 The best Pawley fits were found for cell 4, cell 10, and cell 11, with c 2 values of 11.68, 9.74, and 9.28, respectively. All three of these unit cells are triclinic with nearly identical volumes ($820 Å 3 ) and therefore, are most likely related. If we assume that one molecule is present in the unit cell (Z ¼ 1), the density is 0.877 g cm
À3
, which is similar to the crystalline forms of NiNc, CuNc, and ZnNc. 41 Therefore, we can be confident in our assignment of Z ¼ 1.
Next, the preparation for the simulated annealing runs was completed. The molecular geometry was created by the Materials Studio software package. 42 The only possible space groups in a triclinic lattice are P1 and P 1, and for this simulation, we assume the correct space group for LiNc is the more prevalent, higher symmetry P 1 space group. This space group possesses an inversion center which means that only half of the unit cell is Scheme 1 crystallographically unique. As a result, because Z ¼ 1, the molecule is constrained to the center of the cell, at the inversion center and only half of the atomic positions of LiNc are used in the input. Due to the rigidity of the napthalocyanine ring, only three variables, describing the rotational degrees of freedom, were left unconstrained.
Twenty-five simulated annealing runs were performed for each of the three unit cells mentioned above to determine the best fit of the experimental data. One individual run in the simulation consisted of 20 million moves starting at a temperature of approximately 300 K with 3500 moves at each temperature.
The results from the simulated annealing runs gave similar results in the case of all three of the possible unit cells. For each set of runs, the c 2 (pro) ranged from 39 to 44, where the calculated pattern can be seen in Fig. 1 . Reproducibility of the packing and orientation of the LiNc molecule was consistent within each set of runs as well as between the runs for each of the three possible unit cells confirming our earlier assumption that cells 4, 10 and 11 are related.
Simulated annealing runs were also performed using the space group P1, where the entire molecule is unique and therefore, no constraints due to symmetry are placed on the molecule. The same computational conditions were used as above. Results from the simulations based on the P1 space group neither improved or worsened the quality of the fit with c 2 (pro) values in the same range as the simulations using the P 1 space group. Also, upon examination of the possible simulated annealing solutions, in a majority of the runs, the center of the molecule naturally fell on the point (½, ½, ½) which is the inversion center in the P 1 space group. Therefore, P 1 is chosen as the correct space group as it has a higher symmetry than P1. Also after examining the three possible unit cells, which all produced fits of the same quality as well as essentially the same packing structure, cell 10 was chosen as the correct unit cell. All three of the unit cells have similar volumes, which indicate that they are related, but the angles of the unit cell in cell 10 remain the closest to 90
. Therefore, the correct unit cell for LiNc is reported as a ¼ 3.7950 (9) 
, g ¼ 103.
440 (6) with a volume of 822.99 Å 3 . Simulated annealing runs were performed on the remaining possible unit cells listed in Table 1 , however, the c 2 (pro) values were all much greater than 100 and as a result, were discarded as possibilities. The chosen unit cell is satisfactory based on the quality of the fit compared to the Pawley refinement. In any rigid body refinement using DASH, a solution is generally satisfactory if the c 2 (pro) value is within a factor of 5 or less from the c 2 value of the Pawley refinement. The c 2 (pro) from this unit cell is approximately 4.1 times the c 2 of the Pawley refinement. The molecules are arranged in columns that are slightly slipstacked, as shown in Fig. 2 . This same type of stacking is seen in KPc, 43 both the a and b forms of LiPc, 44 and LiPc-a-OPh; 20 however, the slipping in LiNc is much less than in the other cases. The slipping distance, represented by d 2 is only 1.56 Å in LiNc, while it is 4.85 Å in KPc 43 and 4.65 Å in LiPc-a-OPh. The columns are held together by p-p stacking along the a-axis where the planes of the molecules are 3.45 Å apart. The angle between the stacking direction and the line connecting the equivalent atoms/points in adjacent units is 24.35 , an indication of the slip-stack. Along the bc plane, the adjacent LiNc molecules are packed closely together with a naphthalene unit of one molecule lying in-between two naphthalene units of the adjacent molecule. However, in the bc plane, the adjacent molecules do not lie along the same plane, but are offset from one another, as can be seen in the 3D representation in Fig. 3 . LiNc has large channels which are formed by end units of the naphthalene units of four adjacent molecules and can be seen in Fig. 3 . These channels are approximately 5.0 Â 5.4 Å 2 and run parallel to the a-axis. These large open spaces in the network could allow for the easy diffusion of oxygen molecules, which have a size of 2.8 Â 3.9 Å 2 .
EPR studies of LiNc at room temperature
The X-band EPR spectrum of LiNc microcrystals, measured under vacuum, consists of a single sharp peak with a peak-topeak width of 0.630 G (Fig. 4A, inset) . The observation of a single line ensures that there is only one paramagnetic form present in the LiNc sample. The line is quite symmetrical revealing its isotropic nature though at high pO 2 conditions a certain amount of anisotropic nature is visible. The EPR linewidth at anoxic conditions when pumping under vacuum (10 À3 torr) or at 100% N 2 conditions is one-tenth of the normoxy condition. The observation of a single sharp line in the EPR spectrum of lithium phthalocyanine radical crystals is a common feature that is attributed to the phenomenon of exchange narrowing. The observed linewidth of LiNc under anoxic conditions is, however, significantly larger than the reported values for LiPc crystals (0.01-0.05 G). The linewidth of LiNc was highly sensitive to the surrounding amount of molecular oxygen (Fig. 4A, inset) . Lineshape analysis of the powder spectra, essentially isotropic, revealed that the shape was closer to the Fourier Transform of exp[ÀAt 3/2 ] somewhat in-between Gaussian and Lorentzian. One can also fit it by a linear combination of widths from Lorentzian (0.63 G) and Gaussian (0.07 G). This refers to the 1-d character of the material as observed in N(CH3) 4 MnCl 3 (TMMC) by Dietz et al. and others 45 and in many works of Manoharan and co-workers. 46, 47 The g factor did not deviate from that of free electron; this observation confirms the efficiency of the spin diffusion at high temperature. The x-form of LiPc, a structurally related analog of LiNc without the benzo-substitution, is of a tetragonal unit cell with straight molecular packing along the c-axis and with an interplanar LiPc-LiPc spacing of 3.245 Å .
9 A comparison of structural parameters of LiNc, LiPc, LiNc-BuO and LiPc-a-OPh is found in Table 2 .
The larger anoxic EPR linewidth in LiNc (0.63 G) as compared to LiPc (0.1-0.05 G) is caused by weaker exchange due to larger interstack distance in the lattice, decreased channel size with a concomitant reduction in spin diffusion, and also by unresolved hyperfine interaction due to increased p-conjugation network.
The anoxic EPR linewidth of lithium octabutoxynaphthalocyanine (LiNc-BuO) 21, 22 is significantly different from that of LiNc suggesting that the spin-exchange interactions, and crystalline packing in both cases are different. In addition to this the electron-releasing butoxy substituents present in LiNc-BuO or the phenoxy groups present in LiPc-OPh further contribute to the altering of spin delocalization.
Effect of molecular oxygen on the EPR spectrum of LiNc
The introduction of molecular oxygen broadens the EPR spectrum of the LiNc, as shown in Fig. 4A . The broadening of the EPR spectrum in the presence of molecular oxygen is due to the Heisenberg intermolecular spin exchange between the LiNc probe and molecular oxygen and subsequent shortening of the spin-spin relaxation time. The line-broadening in the presence of oxygen may be due to the weakening of the strong exchange interaction along chains by allowing oxygen-induced transverse coupling between chains. The diffusion of oxygen inside the crystals is greatly favoured by the presence of channels between the columns of macrocycles. The increased peak-to-peak EPR linewidth varying linearly with pO 2 observed for LiNc, as shown in Fig. 4A , reveals the linear increase in spin exchange with pO 2 over the entire 0 to 760 mmHg range. Probably a significant observation is that the slope of the linewidth versus pO 2 calibration line, which reflects the sensitivity of the probe to pO 2 , is large (31.2 mG per mmHg). The effect of oxygen on the EPR linewidth or intensity was reversible on cycles of oxygenationdeoxygenation processes (data not shown). A similar oxygeninduced broadening of the EPR spectrum has been observed for LiPc (5-9 mG per mmHg), 15 ), restricts the free motion of oxygen molecules and thereby increased linewidth by increased dipolar interaction from the rather stationary oxygen molecules and the LiNc stack; and (ii) increased unresolved hyperfine linewidth from the protons of the extended p-network in LiNc as compared to LiPc and its substituted derivatives. The g factor does not change with oxygen diffusion inside the channel in LiNc, supporting the uniform distribution of oxygen in the sample.
Effect of crystal-size on the anoxic linewidth and the oxygen sensitivity of LiNc
It was found to be difficult to produce crystals of reproducible size and hence the lack of reproducibility in oxygen calibration from batch to batch. Our preparations showed variations of 30-50 mG in anoxic linewidth and oxygen sensitivity as well. In order to obtain particles of uniform size/sensitivity we generally reduce the size of particles from the raw preparations by sonication. The particle-size distribution for LiNc particles sonicated at 22.5 kHz showed that the particle suspension had a distribution of size, ranging from 120 to 500 nm, with a maximum number of particles at approximately 330 nm. (Fig. 4B inset) . The sonicated particles retained both oxygen sensitivity and linearity in the linewidth versus pO 2 curve (Fig. 4B) . However, the size-reduction of LiNc resulted in a partial loss of oxygen sensitivity. Despite of the variability in the oxygen sensitivity among different batches, the crystals of LiPc and LiNc derivatives always showed a decrease in their oxygen sensitivity upon sonication. 20, 22 A possible reason for the partial loss of oxygen sensitivity when decreasing the size of the crystals by sonication could be the sonochemical effect of acoustic cavitation which could result in chemical reactions on the surface of the particles, resulting in blockage of the opening of these channels. Blockage of the channels on the surface of the particle could hinder the free diffusion of oxygen into the channel and might result in the partial loss of oxygen sensitivity. Similar effects could also be brought about if cavitation effects created new defects in the crystal structure. 23 The result of sonolysis of LiNc is similar to that of sonolysis of LiPc, LiPc-a-OPh and LiNc-BuO crystals exposed to 22.5 kHz ultrasound. However, it should be noted that exposure of LiPc microparticles to a combination of 22.5 kHz sonolysis, followed by higher frequency sonolysis (i.e., 354 kHz) was shown to result in a further decrease in particle size, but a striking loss of oxygen sensitivity (linewidth 0.14 G). 23 The ability to form LiNc nanoparticles that remain sensitive to the partial pressure of oxygen is particularly advantageous for internalizing these nanoparticles in cells for a variety of novel biological applications.
Microwave power saturation of LiNc
The dependence of the X-band EPR signal intensity on the incident microwave power is shown in Fig. 5 . The spectrum was not saturated for up to 30 mW of incident power. This is an important feature that possibly may offer an advantage over that of LiPc in terms of its use as a biological oximetry probe since higher powers can be used to enhance signal intensity without line-width distortions. This property of LiNc is particularly in contrast to that of LiPc, which requires the use of very low microwave power, typically less than 1 mW, at low oxygen concentrations. The use of low power, particularly with aqueous biological samples with movement and other sources of instability, can limit (i) signal intensity (signal-to-noise ratio), (ii) coupling of the resonator to the microwave source, and (iii) stability of the microwave tuning circuit. Moreover, under EPR spectral saturating conditions, the dependence of linewidth to oxygen concentration is modified in such a way that the useful range of oxygen sensitivity is reduced, particularly in the lower end of oxygen measurement range. Instability in the coupling also causes frequent loss of lock due to animal motion resulting in artifacts and disruptions in the measurement.
Low temperature EPR studies of LiNc under vacuum
To get a clear understanding of the magnetic properties of LiNc, the EPR oximetry probe, variable temperature EPR studies of LiNc were carried out down to 20 K at X-band frequency under anoxic conditions. To avoid the effect of oxygen on LiNc crystals, LiNc samples were sealed under vacuum (10 À3 to 10 À4 Torr) in an EPR quartz tube. LiNc crystals showed a single EPR line when measured in the 20-273 K temperature range and indicate that a majority of single (or two) magnetic species are present in LiNc. Fig. 6A shows a temperature dependence of the EPR linewidth of LiNc at 20, 40, 60, 80 and 270 K viz. 1.55 G, 1.1 G, 0.95 G, 0.80 G and 0.63 G, respectively. Increased line broadening on decreasing the temperature (Fig. 6B) probably means an increased dipolar broadening due to the contraction of the lattice. Also, at temperatures below 60 K, the EPR line looks a bit anisotropic, in addition to becoming more broadened, probably because of either changes in stacking with puckering of the p-moiety or shortening of interplanar distances. The isotropic linewidth increase down at 60 K is quite obvious; however, a careful look at the EPR spectra at #60 K reveals that either an additional broad line is formed or anisotropy sets in on cooling even in the spectral range down to 60 K. But the appearance of this is more visible at 40 K and is easily seen at 20 K. The transition from a pure isotropic single line to the formation of two isotropic lines with differing intensity and linewidth takes place at $50 K, in agreement with the magnetic measurements (vide infra). Fig. 7(A and B) shows a comparison of the simulated two lines, their relative intensities while Table 3 shows the analyzed data.
The formation of two lines presumably originates from the first order structural transition that alters the packing of molecules. In addition, even at temperatures above 50 K there is a small component of the second line at higher g value i.e., at lower field as could be clearly recognized by a slight flattening of the peak maxima at lower field as compared to the sharp minima at high field. Also the first order phase transition is clearly seen by the EPR lines on cooling and heating in Fig. 7(C and D) . Fig. 7(C and D) shows the integrated EPR intensity of LiNc crystals under vacuum as a function of temperature. Though the substantial increase in the intensity below 100 K could be interpreted as the breaking down of the antiferromagnetically coupled system into a monomeric material, the integrity of linewidth variation on reversing the temperature cycle by heating negates this suggestion. Hence the material undergoes a simple first order phase transition (vide infra, magnetic susceptibility). The EPR intensity exhibits two regimes. On decreasing the temperature from 270 to 220 K there is an increase in intensity followed by a decrease up to 100 K with the maximum intensity at 220 K, in the first region. In the second region, below 100 K, there is a continuous increase in intensity due to a combination of intensities from the two species. The magnetic properties of LiNc are fully reproducible and easier to interpret than those obtained for single crystals or powders of LiPc. 14, 16, 50 This results mainly from the absence of structural defects in LiNc, in contrast to that observed for LiPc. In the whole comparative range, a majority of single magnetic species is observed. A similar temperatureinduced broadening of the EPR spectrum has been observed for lithium octamethoxyphthalocyanine (LiPc-MeO).
17 Unlike in the parent LiPc, two components were observed separately in a crystal, due to a large anisotropy of the g factor of the broad EPR line at low temperature. The g shift is specific of a low temperature magnetic behaviour of the spin species involved in the broad EPR line whereas the g factor for the narrow line is close to the free electron g value. It has low anisotropy over the whole investigated temperature range.
Magnetic susceptibility measurements
The magnetic properties of phthalocyanine and their annulated derivatives have been extensively studied. Most of the existing work, especially on the magnetism of these compounds, has been done either on highly doped or poorly characterized metallophthalocyanines. Lithium phthalocyanines and their derivatives are especially known for their unusually narrow EPR lines and oxygen-sensing properties, with possible applications in biomedical work, all at room temperature. However, by studying the temperature-dependant bulk susceptibility as well as the crystal structure it is possible to obtain important insight regarding the magnetic coupling between neighbours or within a column of molecules. Furthermore, the spin dynamics of the system have to be correctly inferred. Already, some of these systems suggest the presence of phase transition in addition to magnetic interaction referred to above. It would, therefore, be better that we study in detail temperature-dependent EPR on both the anoxic and oxy samples to correlate such results with bulk magnetic susceptibility and the crystal structure. This will throw substantial light on the nature of magnetism in the condensed phase as well as reveal the nature of spin dynamics. While we have studied the magnetic susceptibility of the anoxic from ambient temperature to 3 K using a SQUID magnetometer, temperature-dependent EPR studies have been conducted only down to 20 K due to experimental constraints. The thermal variation of measured susceptibility of LiNc in an applied field of 1000 G corrected for diamagnetism with the use of Pascal's constant c D ¼ 4.97686 m J T À2 is shown in Fig. 8 for two different regions, 40-300 K and 3-40 K using the rationale from EPR studies. The experimental values of magnetic susceptibility were fitted using a Bonner-Fisher model for a low dimensional magnet. Low dimensional magnetism has support from EPR as well as the fitting of the bulk susceptibility. EPR lineshape is indicative of low-dimensional character, which is the Fourier transform of exp[ÀAt 3/2 ] somewhere between Gaussian and Lorentzian. Similarly, magnetic susceptibility can be interpreted in terms of two different temperature regimes above and below 50 K analogous to the EPR results, in terms of a reversible phase transition. Magnetism below 50 K can be concretely defined in terms of the Bonner-Fisher model for a low dimensional material (Fig. 8) with JBF ¼ À4.065 cm À1 using a fitting procedure adapted from the work of Chandramouli and coworkers. 51 The fitting is not only excellent but also reveals the absence of any monomeric impurities and hence the integrity of packing of LiNc molecules as a one-dimensional linear chain, even after cooling where one can expect breaking of chains to form monomeric impurities. However, at temperatures above 50 K, they can either be defined in terms of Bleany-Bowers dimers with a large value for J ¼ À715.75 cm À1 or by a BonnerFischer model of linear chain with a J value of À17.95 cm
À1
. Though the fitting is good by the first model it shows the presence of about 30% monomeric impurities. It cannot be true since the low temperature fitting by the BF model shows a total lack of monomeric impurities. Normally more monomeric impurities are created due to the irreversible cracking of crystals on lowering the temperature. Hence the Bonner-Fischer lowdimensional model with a J value of À17.95 cm À1 must be the correct interpretation. In addition, on lowering the temperature, the crystals are expected to contract and this could have caused a decrease in the antiferromagnetic character. This reduction of À2J ¼ À17.95 cm À1 to À2J ¼ À4.065 cm À1 must have been brought about by a phase transition, as clearly revealed by EPR results. The effective increase in magnetic moment (Fig. 9) of individual molecules at <50 K is due to 'reduced antiferromagnetism'. However, the reduction in the magnetic moment below 10 K is due to additional antiferromagnetic inter-chain interaction as seen in many organic magnets. It is also possible that the domination of the second species at lower temperatures, especially below 15 K could have created this variation. Particular attention must be paid to the analogous nature of temperaturedependent EPR results and bulk magnetism. The lack of separate EPR lines due to monomeric impurities again supports the Bonner-Fischer model of a linear chain both at high-and lowtemperature regions. The room-temperature crystal structure also supports the presence of linear chain rather than the strongly coupled dimers at high temperature. 
Conclusions
A naphthalocyanine-based radical probe, LiNc, with attractive EPR properties, was synthesized using a modified chemical procedure and purification. The material was obtained as fine crystals and characterized by EPR, magnetic susceptibility, powder X-ray diffraction and mass spectroscopy. The X-ray powder diffraction analysis showed that packing of LiNc molecules creates open channels with size greater than 5.0 Â 5.4 Å 2 which permits diffusion of oxygen molecules (2.8 Â 3.9 Å 2 ) through the crystals. The probe showed an exchange-narrowed single-line EPR spectrum whose linewidth was sensitive to the surrounding oxygen concentration. The effect of molecular oxygen on the EPR linewidth was linear up to 760 mmHg. The sensitivity of the EPR linewidth to molecular oxygen is 31.2 mG per mmHg, which suggests that changes in pO 2 can be measured with high resolution using this probe under the experimental conditions described in this work. The magnetic property of thermal variation versus linewidth, EPR intensity and magnetic susceptibility of LiNc indicate that at higher temperature, it shows a highly exchanged system with narrow linewidth, whereas at low temperature exchange interaction is substantially reduced and it shows a localized spin state. These results support LiNc as a highly promising candidate for very sensitive and fast measurement of oxygen concentrations in biological systems.
